We developed a new porous scaffold made from a synthetic polymer, poly(DL-lactide-coglycolide) (PLG), and evaluated its use in the repair of cartilage. Osteochondral defects made on the femoral trochlear of rabbits were treated by transplantation of the PLG scaffold, examined histologically and compared with an untreated control group.
Fibrous tissue was initially organised in an arcade array with poor cellularity at the articular surface of the scaffold. The tissue regenerated to cartilage at the articular surface. In the subchondral area, new bone formed and the scaffold was absorbed. The histological scores were significantly higher in the defects treated by the scaffold than in the control group (p < 0.05).
Our findings suggest that in an animal model the new porous PLG scaffold is effective for repairing full-thickness osteochondral defects without cultured cells and growth factors.
The low mitotic activity of chondrocytes causes problems in the use of chondral tissue for the repair of osteochondral lesions. 1 In order to treat focal chondral lesions, techniques such as abrasion arthroplasty, subchondral drilling, autologous osteochondral grafting, periosteal-perichondral grafting and chondrocyte transplantation have been developed and have achieved acceptable results. 2 However, several problems still remain. Articular cartilage regenerated by abrasion arthroplasty is not hyaline cartilage but fibrous cartilage. 3 Autologous osteochondral cylindrical grafting can be used to repair osteochondral defects, but there is a limit to the size and shape of the cartilage lesion which can be successfully treated. 4 Morbidity and pain at the donor site are also a consideration. Furthermore, transplantation of cultured chondrocytes requires a number of surgical procedures. 5 Previous studies have shown that small fullthickness cartilage defects can be regenerated by erupted bone-marrow cells containing osteoprogenitor cells. 1, 6 In rabbits, untreated full-thickness osteochondral defects, 3 mm in diameter, have been shown to heal spontaneously. 6 During the repair process, fibrous tissues which had been organised into an arcade array with mesenchymal cells at the articular surface developed into cartilage tissue. This was followed by osteoblastic synthesis of woven bone in the depth of the defect. It was speculated that in small osteochondral defects, erupted bone marrow cells filled the defect quickly, improving the irregularity of the articular surface and subsequently regenerated cartilage at the surface and bone at the depth of the defect. 6 In contrast, when full-thickness osteochondral defects, 6 mm in diameter and in depth, were made in goat femoral condyles, bonemarrow cells containing osteoprogenitor cells erupted from the bottom of the defect, but failed to fill it. 7 In these larger defects erupted bone-marrow cells did not regenerate either bone at the deep zone, or cartilage at the surface, resulting in resorption of the osseous wall of the defect, the formation of large cavities, and the collapse of the surrounding articular cartilage and subchondral bone. 7 It was speculated that an osteochondral defect of a critical size could not be filled with reparative tissue and could progress to the creation of a large defect in the subchondral bone.
We hypothesised that an osteochondral defect 5 mm in diameter could be repaired with biological matrices which prevent the collapse of the surrounding articular cartilage and subchondral bone and hold the erupted bone-marrow cells within the defect. We developed a bio-absorbable scaffold made from synthetic polymer. It had multiple pores, into which the erupted bone-marrow cells could infiltrate and attach. In order to analyse the efficacy of cartilage repair with this new porous scaffold, we transplanted it into osteochondral defects made on the femoral trochlea of rabbits and performed macroscopic and histological examinations.
Material and Methods
Development of the scaffold. We purchased poly (DLlactide-co-glycolide) (PLG) from Absorbable Polymers International Inc (Pelham, Alabama). The molar ratio of lactide to glycolide was 50:50 and the inherent viscosity was 1.08 dl/g measured at 30˚C in hexafluoroisopropanol. Dimethylsulphoxide (DMSO) was purchased from WAKO Pure Chemical Industries Ltd (Osaka, Japan). PLG and DMSO were used without further purification. The PLG was dissolved in DMSO to give 10% (weight by volume) polymer dope which was pored into a container, frozen at the rate of 1˚C/min temperature decrease, and freeze-dried in vacuo. Lyophilised PLG sponge was soaked in 70/30 (volume by volume) of ethanol-water mixed solution and washed by the same solution to extract residual DMSO, then dried under reduced pressure. Thereafter, the purified PLG scaffold was obtained (Fig. 1a) .
The pore size of the PLG scaffold was confirmed by a scanning electron microscope (JSM-5310; JEOL Ltd, Tokyo, Japan) at an accelerated voltage of 2kV and a tilt angle of 30˚. The sizes of most pores were less than 100 µm (Fig. 1b) .
The total porosity (∏) of the PLG scaffold was measured by gravimetry according to the equation: ∏ = 1 -ρscaffold/ρmaterials where ρ materials was the density of the material of which the scaffold was made and ρ scaffold was the apparent density of the scaffold measured by dividing the weight by the volume of the scaffold. The mean total porosity of the PLG scaffold was 0.83 (0.80 to 0.85).
Operative procedures. All the experiments were reviewed and approved by the Animal Research Committee of Kobe University Graduate School of Medicine. We used 60 skeletally-mature female Japanese white rabbits (Kitayama LABES, Nagano, Japan) with a mean weight of 3.3 kg (2.8 to 3.7). All the operations were performed on the right knee of the rabbits under general anaesthesia using an intravenous pentobarbital sodium solution (30 mg/kg bodyweight). In each rabbit, the right limb was disinfected and 3 ml of 1% lidocaine was injected subcutaneously into the medial parapatellar region where the skin incision was to be made. A medial parapatellar approach was used to expose the knee. The femoral trochlea, which contacts the patella when the knee is flexed at 90˚, was selected as the site for the osteochondral defect. A full-thickness cylindrical osteochondral fragment, 5 mm in diameter and 5 mm in depth, was removed using the Osteochondral Autograft Transfer System (OATS; Arthrex, Naples, Florida). After irrigating the joint with sterile isotonic saline, the rabbits were randomised into two groups of 30. In the PLG group, the defect was repaired by transplantation of the PLG scaffold, while in the control group it was untreated. The joint capsule and skin were sutured as separate layers. After surgery, all the rabbits were returned to their cages and allowed to move freely without immobilisation of the joint.
At 1, 3, 6, 12 and 24 weeks after the operation, six rabbits from each group were killed by an intravenous injection of pentobarbital sodium and the femoral trochlea of the right knee was taken and examined macroscopically and histologically. Additionally, in order to confirm the expression of type-II collagen in the tissue regenerated by the PLG scaffold, specimens of the PLG group at week 24 were examined immunohistochemically using an anti-type II collagen antibody. Histological analysis. The specimens were fixed in 4% paraformaldehyde for 24 hours, decalcified with 0.25 mol/ l EDTA in phosphate-buffered saline at pH 7.5, dehydrated in graded alcohol solutions, and embedded in paraffin wax. Sagittal sections (7 µm thick) were cut and stained with haematoxylin and eosin or Toluidine Blue, and examined by light microscopy. The histological findings were scored according to a histological grading scale modified from that described by Wakitani et al, 8 so that higher quality of cartilage repair led to higher scores. This scale contained five categories with a high score of 14 points (Table I) . Each section was scored randomly by three blinded individuals (IN, TK, TM). Statistical significance was performed using Welchs's t-test and p-values ≤ 0.05 were considered to be statistically significant. Immunohistochemical analysis. Deparaffinised sections were digested with proteinase (Dako Cytomation Inc., Via Real Carpinteria, California) for ten minutes and treated with 3% hydrogen peroxide (WAKO Pure Chemical Industries Ltd) to block the activity of endogenous peroxidase. The sections were treated in a 1:50 dilution of goat anti-type II collagen antibodies (Southern Biotechnology Associates, Birmingham, Alabama) at 4˚C overnight and subsequently treated with peroxidase-labelled anti-goat immunoglobulin (Histofine Simplestain max PO(G); Nichirei Bioscience, Tokyo, Japan) at room temperature for 30 minutes. The signal was developed as a brown reaction product using peroxidase substrate 3,3-diaminobenzide (Histofine Simplestain DAB Solution; Nichirei Bioscience, Tokyo, Japan) and the sections examined microscopically.
Results

Macroscopic findings
No rabbits developed joint contracture or infection. No inflammatory reaction was observed in any specimen throughout the post-operative period. We examined the regularity of the cartilage surface compared with the surrounding cartilage. PLG group. At post-operative week 1 the surface of the defect was covered with reddish granular tissue (Fig. 2a) . At weeks 3 and 6, white reparative tissue was observed at the margin of the defect, but the central area of the defect was still depressed (Figs 2b and 2c) . At week 12, the surface of the defect was covered with white shiny reparative tissue (Fig. 2d) and at week 24, a smooth continuity of the articular surface between the operated region and the surrounding intact trochlea was observed (Fig. 2e) . Control group. The defect was concave and the margin of the defect was clearly recognised in all specimens obtained at post-operative weeks 1, 3 and 6 (Figs 2f to 2h) . At weeks 12 and 24, the defect was filled with newly-formed tissue, but the irregularity of the articular surface of the defect and the margin of the defect remained visible (Figs 2i and 2j) . Histological findings PLG group. At post-operative week 1, the PLG scaffold was not absorbed and fibrous tissue was observed at the articular surface of the scaffold (Fig. 3a) . At a higher magnification (× 200), numerous blood cells were seen in the pores of the scaffold. Fibrous tissue was attached to the PLG scaffold at the articular surface and was organised in an arcade array with poor cellularity (Fig. 3b) .
At week 3, remnants of the PLG scaffold in the defect had decreased and the formation of new bone was observed at the subchondral zone (Fig. 3c) . Regenerated fibrous tissue with metachromatic matrix increased at the articular surface zone. At a higher magnification (× 200), proliferated cells were observed at the articular surface of the PLG scaffold (Fig. 3d) .
At week 6, most of the PLG scaffold had been absorbed and replaced by newly-formed bone at the subchondral zone. Also, reparative tissue with metachromatic matrix had been regenerated at the articular surface of the PLG scaffold (Fig. 3e) . At a higher magnification (× 200), roundshaped chondrocytes were observed at the superficial zone of the cartilaginous tissue and hypertrophic chondrocytes with a vacuole at the deeper zone of the cartilaginous tissue (Fig. 3f) . At the subchondral area, dense and highlyvascularised newly-formed bone was observed.
At week 12, the thickness of regenerated cartilaginous tissue with metachromatic matrix at the articular surface and formation of bone at the subchondral zone had increased compared with those seen at post-operative week (Fig. 3g) . At a higher magnification (× 200), the chondrocytes had been replaced by dense and highly-vascularised new bone at the subchondral area (Fig. 3h) .
At week 24, the thickness of the regenerated cartilage ayer and the pattern of bone trabeculae at the subchondral zone were the same as those at the adjacent normal articular cartilage (Fig. 3i) . At a higher magnification (× 200), Photomicrographs showing the histological findings for the PLG (poly) DL-lactide-co-glycolide)) group. round-shaped chondrocytes at the superficial zone, hypertrophic chondrocytes with a vacuole at the middle, noncalcified zone, land calcified zones were observed and a tidemark between the calcified and the non-calcified zones was detected (Fig. 3j) .
In the immunohistochemical analysis, type-II collagen was detected in the regenerated cartilage in the PLG group (see Fig. 4 ). Control group. At post-operative week 1, the defect was filled with fibrous tissue (Fig. 5a ) and at week 3, formation of new bone at the deep zone of the defect was seen (Fig. 5b) . At week 6, reparative tissue with a metachromatic matrix at the articular surface and formation of bone at the subchondral area were observed (Fig. 5c) . At week 12, an increase in the reparative tissue with a metachromatic matrix and formation of bone at the deep zone of the defect were observed, but, a cleft was observed at the centre of the defect in most cases (Fig. 5d) . At week 24, reparative cartilage and bone were detected at the rim of the osteochondral defect, but the centre of the osteochondral defect was not repaired and remained as a defect (Fig. 5e) . At a higher magnification (¥ 200), the regenerated cartilage was thin and the arrangement of chondrocytes sparse, compared with those of the PLG group at week 24 (Fig. 5f) . Histological scores. At post-operative weeks 3, 6, 12 and 24, the histological findings were evaluated by a histological grading scale (Table I ). The mean scores at each post-operative time point in the PLG and control groups are given in Table II and the total scores are summarised in Figure 6 . At post-operative week 3, there was no significant difference in scores between the groups (p = 0.1121), but at weeks 6, 12 and 24, the total score of the PLG group was significantly higher than that of the control group.
Discussion
If an osteochondral defect 5 mm in diameter is made on the femoral condyle of a rabbit and is untreated, it does not heal. By contrast, when such a defect is treated by a PLG scaffold, the cells, which initially attached to the articular surface of the PLG scaffold, proliferate and differentiate into chondrocytes, and the scaffold is absorbed and replaced with newly-formed bone at the deep zone of the defect. We found that at post-operative week 24, regenerated cartilage and a pattern of bone trabeculae at the subchondral zone replicated the appearance of the adjacent normal articular cartilage. Round-shaped chondrocytes at the superficial zone, hypertrophic chondrocytes with a vacuole at the middle, non-calcified and calcified zones and a tidemark between the calcified and the non-calcified zone were detected. It is suggested that the tidemark between the calcified and non-calcified cartilage provides a tethering mechanism for collagen fibrils of the deepest portion of the non-calcified cartilage. 9 Our results indicate that fullthickness osteochondral defects were repaired and the regenerated articular cartilage and subchondral bone were remodelled, when the osteochondral defect was treated by the PLG scaffold.
In earlier studies, small full-thickness cartilage defects have been shown to fill with blood clots formed by erupted bone-marrow cells including osteoprogenitor cells, and these non-critical-sized cartilage defects healed spontaneously. 1, 6 However, full-thickness osteochondral defects of a critical size have not filled with enough erupted bonemarrow cells and the defect could not be repaired. In our study, consistent with a previous study in a goat model, 7 untreated osteochondral defects 5 mm in diameter did not heal. By contrast, when such defects were treated by the PLG scaffold, cells which attached to the scaffold repaired the defect while the scaffold was absorbed. Although it was difficult to identify the origin of the cells which initially attached to the scaffold we speculated that they erupted from the underlying bone marrow. Thereafter, the cells which were attached to the articular surface of the scaffold regenerated cartilage tissue under the influence of synovial fluid and surrounding articular cartilage. Those which were attached to the deep zone of the scaffold regenerated to bone during absorption of the scaffold. We speculate that the porous PLG scaffold plays an important role in trapping erupted bone-marrow cells in the osteochondral defect, leading to regeneration of cartilage and bone while the PLG is absorbed.
Many biomaterials, such as hydroxyapatite, tricalcium phosphate cement, hyaluronic acid, collagen and synthetic polymer have been developed as scaffolds for bone. 10 Hyaluronan-and polyester-based scaffolds 11 or a composite of porous hydroxyapatite, synthetic polymer and bone morphogenetic protein (BMP)-2 12 promote repair of fullthickness cartilage defects. The porosity, rate of degradation and mechanical properties of the materials play a critical role in the regeneration of bone and cartilage by using Photomicrograph showing the immunohistochemical findings in the PLG (poly (DL-lactide-co-glycolide)) group. Type-II collagen was observed in regenerated cartilage at post-operative week 24 (× 60).
the biomaterial scaffolds. 10, 11 Lower porosity stimulates osteogenesis by suppressing cell proliferation and forcing cell aggregation in vitro. Higher porosity and pore size result in greater ingrowth of bone to the scaffold, but diminish the mechanical properties in vivo. Therefore, a balance of the porosity and pore size, and the rate of remodelling and of degradation of the scaffold are important for biomaterial scaffolds.
Polylactic acid, PLG, and polypropylene fumarate have been used as synthetic polymers in the reconstruction of bone and other tissues. 10 Although highly vascular regions such as the craniofacial skeleton appear to tolerate absorbable fixation, 13 an inflammatory response is induced by implants of biodegradable synthetic polymer used in regions of poor vascularity. 14 The poly (L-lactic acid) (PLLA)/poly(glycolic acid) (PGA) copolymer has a degradation time which lies between that of PGA and PLLA and thus the implantation of a PLLA/PGA copolymer avoids the inflammatory complications related to the rapid degradation of PGA, and decreases the complications related to the prolonged retention of hardware associated with PLLA implants. 15 Features of synthetic polymer scaffolds, such as form, porosity, pore size, rate of degradation and mechanical properties differ between the types of polymer and their method of fabrication. 10 The fabrication techniques of synthetic polymers include salt-leaching, gas foaming, electrospinning, and freeze-drying. In our study, in order to repair the osteochondral defect, we developed a new scaffold made from PLG using a freeze-drying technique. The pore size of the PLG scaffold was less than 100 µm and its mean total porosity was 0.83. Although the pore size and the porosity of the scaffold used in our study may not be ideal for the regeneration of cartilage and bone in man, we believe that the balance of porosity and pore size and rate of remodelling and degradation of the PLG scaffold was suitable for full-thickness osteochondral defects in a rabbit model.
Several cytokines, BMP-2, BMP-7, and fibroblast growth factor-2 have been suggested to have application in the repair of articular cartilage. 12, 16, 17 The use of a composite of scaffolds with cytokines and cultured cells for repairing defects of articular cartilage has been reported. 11, 12, 18 Our study suggests that the new PLG scaffold has the advantage of reducing the side-effects due to cytokines and growth factors. However, the synthetic polymer scaffold implanted in the osteochondral defect may inhibit cell migration from the bone marrow and surrounding cartilage to the defect while the scaffold is absorbed. Further investigation will be needed to determine the optimal pore size, porosity and fabricating technique required before repair of osteochondral defects by the PLG scaffold can be used in clinical applications. Bar chart showing that the total score of the PLG (poly (DL-lactide-co-gylcolide) group was significantly higher than that of the control group at post-operative weeks 6, 12 and 24.
